Stimulant medications, such as methylphenidate (MPH), are the most commonly used, effective treatment for ADHD. MPH acts primarily by inhibiting the dopamine transporter (DAT), a protein responsible for the reuptake of dopamine from the synapse into presynaptic terminals. We sought to evaluate the relationship between DAT1 3 0 -untranslated region (3 0 -UTR) variable number tandem repeats (VNTR) genotypes and dose response to MPH. Children with ADHD (n ¼ 47), ages 5-16 years (mean ¼ 9.02 years), underwent a 4-week, double-blinded, crossover trial with forced weekly dosage changes. Children were genotyped for the DAT1 VNTR and evaluated on placebo and three dosage levels of OROS s MPH. Parents and clinicians who were blind to genotype and medication status rated ADHD symptoms, impairment, and stimulant side effects each week. Children who were homozygous for the less common, 9-repeat DAT1 3 0 -UTR genotype displayed a distinct dose-response curve from that of the other genotype groups, with an absence of typical linear improvement when the dose was increased from 18 mg to 36 and 54 mg. Further research is needed to determine the mechanisms related to poor response in patients with the 9/9-repeat genotype, and to determine if this group responds differentially to alternative treatments.
INTRODUCTION
ADHD is one of the most common neuropsychiatric disorders of childhood and adolescence, and is associated with persistent impairments in academic and social adaptive functioning (Biederman et al, 1991; Stein et al, 1995; Zametkin, 1995; Barkley, 2002; Barkley et al, 2002) . Current models of ADHD pathophysiology and stimulant response emphasize dysfunction in catecholamine systems (Castellanos and Tannock, 2002; Kirley et al, 2002) . Methylphenidate (MPH) blocks the dopamine and norepinephrine transporters (Castellanos, 1997) . Furthermore, neuroimaging studies have consistently reported abnormalities in nigrostriatal dopaminergic brain structures (Aylward et al, 1996; Castellanos et al, 1996) and function (Zametkin et al, 1993; Vaidya et al, 1998; Zametkin and Liotta, 1998) in children with ADHD. Consistent with these findings, neuroimaging studies in ADHD adults have shown alterations in presynaptic dopamine storage processes (Ernst et al, 1998) and in the density of striatal dopamine transporters (DATs) (Dougherty et al, 1999; Krause et al, 2000 Krause et al, , 2002 , although not consistently.
Stimulant medications bind to the DAT, inhibiting reuptake and increasing synaptic dopamine (Volkow et al, 2002) . The DAT gene (DAT1) was initially investigated as a primary candidate gene for ADHD susceptibility. Cook et al (1995) demonstrated an association between ADHD and the 10-repeat allele of a variable number tandem repeat (VNTR) in the 3 0 -untranslated region (3 0 -UTR) of the gene, a finding that has been replicated in many (Gill et al, 1997; Hawi et al, 2003; Waldman et al, 1998; Daly et al, 1999; Curran et al, 2001) , but not in all samples (Palmer et al, 1999; Todd et al, 2001) . To date, molecular genetic studies of ADHD have been limited by genetic and phenotypic heterogeneity (Todd, 2000) . However, the association of the 10-repeat DAT1 allele with ADHD, coupled with the key role of the DAT in the mechanism of action of stimulants, suggests that DAT1 is a plausible candidate for predicting response to MPH (Masellis et al, 2002) .
MPH-and amphetamine (AMP)-based stimulant medications are the most common medical treatments for ADHD (Elia et al, 1999; Conners, 2002) , and at low to moderate dosage levels, there is generally an inverse linear doseresponse effect on ADHD symptoms (eg Douglas et al, 1986; Stein et al, 2003) . In this paper, we report the results of a prospective, placebo-controlled study of DAT1 genotypes and dose-related MPH response. Outcome measures included both dimensional and categorical measures of ADHD symptoms, side effects, and impairment. Given that the majority of ADHD youth respond to stimulants and that the 10-repeat allele of DAT1 is the most common allele (Kang et al, 1999) , we hypothesized that presence of the 10-repeat allele would be associated with a positive response to MPH.
PATIENTS AND METHODS
This study was reviewed and approved by the Institutional Review Boards of The University of Chicago, Children's National Medical Center, and the General Clinical Research Center Advisory Council. Participants were children, ages 5-16 years, who were referred to a suburban clinic specializing in ADHD, which is affiliated with a large medical center. All participants completed a semistructured diagnostic interview conducted with the parents and child by a child and adolescent psychiatrist or psychologist (HALP diagnostic interview available from senior author), and met DSM-IV criteria for ADHD based upon the interview and a 'best estimate' diagnosis based upon a standardized 4-6 h evaluation. Diagnostic procedures and subjects are described in more detail in a previous paper (Stein et al, 2003) .
In all, 47 children were evaluated in a double-blind, placebo-controlled, crossover study with forced weekly titrations of three dose conditions (18, 36, and 54 mg) of OROS s MPH (Concerta). Children previously taking stimulant medications completed a 2-week washout period prior to beginning the study. During the initial visit and at each weekly visit, children and their parents met with the clinical staff to discuss medication effects and to complete the ADHD Rating Scale-IV: Home Version (ADHD-RS) (DuPaul et al, 1998) , and Stimulant Side Effect Scale (Barkley et al, 1990) . In addition, Clinical Global Impression-Severity of Impairment (CGI-S) ratings were completed (Guy, 1976) , which ranged from 1 ('no impairment, normal') to 7 ('maximal, profound impairment'). A positive response was characterized as resulting in a CGI-S score of p3, indicating mild, slight, or no impairment.
Genotyping

DAT1 3
0 -UTR VNTR genotyping. DNA was extracted from whole blood with a PureGene kit from 10 ml of whole blood. Genotyping was performed in the following manner. PCR was carried out in a 10 ml volume containing 50 ng of genomic DNA, 0.5 mM of each primer, one of which was 5 0 fluorescently labeled, 200 mM of each dNTP (dATP, dCTP, dGTP, dTTP), 1 Â PCR buffer, 2 mM MgCl 2 , and 0.5 U Taq polymerase (Amplitaq Gold). Samples were amplified on a 9700 thermal cycler with an initial 12 min step to heat activate the enzyme, 40 cycles consisting of a denaturation step of 951C for 30 s, an annealing step of 681C for 30 s, and an extension step of 721C for 30 s. Products were injected on an ABI 3700 multicapillary array genetic analyzer with POP6 polymer. Alleles were called with GeneMapper software, blind to all phenotypic information.
Statistical Plan
The primary analyses of DAT1 genotype differences in dose-response effects were conducted using a growth-curve analytic approach as implemented via hierarchical linear modeling (HLM; Bryk and Raudednbush, 1992) . In the HLM framework, the dose-response effects are handled in a firstlevel regression equation, in which an outcome variable is regressed on dosage, and the parameters of dose response (ie the linear and/or curvilinear effects of dosage on a particular outcome variable) are modeled as a function of explanatory variables in a second-level regression equation. In the present study, these explanatory variables included the child's DAT1 genotype, and the covariates sex, age, and ADHD diagnostic subtype. The first-level regression equation is shown below
where Y ij is the value of the outcome variable for the ith individual at the jth dosage level, b 0 is the regression constant, X ij is a particular dosage level for a particular individual, and b k is a regression coefficient representing a linear or curvilinear (eg quadratic, cubic) effect of dosage on the outcome variable. The correlates of these doseresponse parameters are modeled in second-level regression equations, an example of which is shown below
where b k represents a parameter of dose response (ie the linear and/or curvilinear slope of a particular outcome variable on dosage), g 0j represents a regression constant, C ikj represents the value of a particular explanatory variable or covariate (eg DAT1 genotype, sex, age, and diagnostic subtype) for the ith individual, and g kj is a regression coefficient representing the effects of the explanatory variable or covariate, C ikj , on the parameter of dose response, b k . Note that one can use HLM to model multiple outcome variables simultaneously, or non-normally distributed outcome variables. This method results in greater precision in the estimation of both individual participants' dose-response curves, as well as the relation of dose response to explanatory variables. This statistical approach has several advantages over more conventional methods. First, in contrast to repeated measures analysis of variance, HLM utilizes available data on all participants at all time points (ie dosage levels), such that individuals are included in the analysis even if they are missing data for one or more dosage levels. Second, in contrast to other methods that test for genotype differences in symptom and impairment levels between each pair of dosage levels in a piecemeal manner, HLM conducts a single analysis of genotype differences in dose response using all of the available data simultaneously. These features both increase statistical power due to the maximal inclusion of available data and minimize Type I error because far fewer statistical tests are conducted.
RESULTS
There was a strong male preponderance in this sample, as 70% (33) were male and 30% (14) were female. Children ranged in age from 5 to 16 years with a mean age of 9.07 years (SD ¼ 2.5). Additionally, 89% (42) of the subjects were Caucasian, 4% (2) were African American, 2% (1) were Hispanic, and 4% (2) reported other ethnicities. With regard to ADHD subtype, 68% (32) met criteria for ADHDCombined Type (ADHD-CT), while 32% (15) were diagnosed with ADHD-Predominately Inattentive Type (ADHD-PI). In addition, 17% met criteria for Oppositional Defiant Disorder, 11% displayed encopresis/enuresis, and 2% displayed a tic disorder. In all, 70% of participants were stimulant naive (33), whereas 30% (14) had previously been treated with a stimulant according to parent report.
Genotype frequencies for the 47 children were as follows: six (13%) were homozygous for the DAT1 9-repeat allele, 22 (46%) had one copy of the 9-repeat and one copy of 10-repeat allele, and 19 (42%) were homozygous for the 10-repeat allele. The DAT1 genotype distribution of the total sample was in Hardy-Weinberg equilibrium (w 2 ¼ 0.009, NS).
Demographic and descriptive characteristics of the sample are reported in Table 1 . There were no significant DAT1 genotype group differences in demographic characteristics such as age, gender, or ethnicity, or in previous stimulant history. Additionally, there were no significant DAT1 genotype-group differences in ADHD symptoms as measured by the ADHD RS, diagnostic subtype, stimulant medication history, WISC-III IQ, WIAT achievement, CBCL internalizing and externalizing psychopathology, or CGI-S scores.
We examined whether changes in ADHD symptoms, as a function of dosage level, varied by DAT1 genotype, and then re-examined this using ADHD diagnostic subtype, sex, and age as covariates. ADHD symptom levels as a function of OROS MPH dosage varied significantly by genotype in the HLM growth-curve analyses (p ¼ 0.030). Differences in parent ratings of ADHD symptoms as a function of OROS MPH dosage also varied by ADHD diagnostic subtype (0.018), and the DAT1 genotype differences in dose response were stronger when diagnostic subtype was used as a covariate (p ¼ 0.013). Sex and age were not related to dose-response effects on ADHD symptoms, or on most of the other outcome measures, and thus were not used as covariates in the analysis of DAT1 genotype differences in dose response for most of the dependent variables (with the exception of Total Stimulant Side Effects, to be discussed below). Total ADHD RS score differences in dose response as a function of DAT1 genotype are shown in Figure 1 below.
Differences in dose response by DAT1 genotype were significant for Inattentive symptoms (p ¼ 0.050) and represented a statistical trend for Hyperactive-Impulsive symptoms (p ¼ 0.088). As portrayed in Figures 2 and 3 below, when ADHD diagnostic subtype was included as a covariate, dose response for both dimensions of ADHD symptoms differed significantly by DAT1 genotype (both p's ¼ 0.037).
Dose-response differences in CGI impairment ratings also varied significantly and substantially by DAT1 genotype (p ¼ 0.006, see Figure 4 below), and became stronger when ADHD diagnostic subtype was used as a covariate (p ¼ 0.002).
As a categorical measure of positive response, we used a cutoff score of p3 (ie 'minimal, mild, or no impairment') on the CGI-S and contrasted children with no copies of the DAT1 10-repeat allele (ie homozygous for 9-repeat allele) to children with one or two copies of the 10-repeat allele on this index at placebo and at each dosage level (see Figure 5 below). While the two DAT1 genotype groups did not differ in CGI-S ratings during placebo or at the low-dose condition (p ¼ 0.174 and 0.381, respectively), the two groups differed marginally or significantly at the 36 and 54 mg doses (p ¼ 0.063 and 0.004, respectively). Odds ratios contrasting the proportion of children who experienced reduction of impairment with one or two copies vs no copies of the DAT1 10-repeat allele increased from low to medium to high dosage levels (ORs ¼ 1.30, 1.72, and 2.64, respectively). These results were nearly identical controlling for the covariates sex, age, and ADHD diagnostic subtype, and the odds ratio for the high-dose level increased somewhat with the inclusion of these covariates (OR ¼ 3.60 vs 2.64). At the highest dose condition (54 mg), 75% of those with one copy of the 10-repeat and 87% of those with two copies of the 10-repeat allele displayed minimal or no impairment as compared to only 20% of those homozygous for the 9-repeat allele (w 2 ¼ 6.92, df ¼ 1, po0.01).
We also examined whether a different, more stringent cutoff score for treatment success would affect the findings, and thus analyzed the relationship between DAT1 genotypes and response as defined by a CGI-S score of p2, which is analogous to a remission standard. At the 36 mg dose condition, 48% of those with one or two copies of the 10-repeat displayed minimal or no impairment as compared to only 16% of those homozygous for the 9-repeat allele. At the 54 mg dose condition, 57% of those with one or two copies of the 10-repeat allele met the remission standard as compared to none of those with the 9/9 genotype. These results suggest increasing dose-related reduction in impairment for children with one or two copies of the DAT1 10-repeat allele, while those homozygous for the 9-repeat were much less likely to display dose-related improvement or remission.
Finally, we examined dose-response effects on parent ratings of stimulant side effects. The nature of these sex and age differences was that total side effects were higher for boys than girls, and for younger than older children, at all dosage levels. DAT1 genotype differences in dose-response effects on total side effects emerged in the HLM analyses when sex and age were entered as covariates (p ¼ 0.034, see Figure 6 below).
DISCUSSION
Utilizing a prospective design with dimensional and categorical measures of ADHD symptoms, impairment, and side effects, DAT1 genotype differences in dose response were such that levels of ADHD symptoms and impairment decreased in a linear manner, and total side effects increased, as a function of increasing OROS MPH dosage levels for children with one or two copies of the 10-repeat allele. In contrast, youth homozygous for the less common, 9-repeat allele displayed a markedly poor response to MPH at doses typically associated with response to MPH. This suggests a recessive effect of the 9-repeat allele on the phenotype of stimulant nonresponse. The association of genotypes containing the 10-repeat allele with a positive response to MPH is in agreement with the findings of Kirley et al (2003) , but differs from the Winsberg and Cummings and Roman et al studies (Winsberg and Cummings, 1999; Roman et al, 2001) . Kirley et al (2003) reported that transmission of the 10-repeat allele was significantly greater in children who displayed a 'very good' retrospectively rated response to MPH as compared to those with 'mediocre' or 'no response' in a sample of 117 Irish school children. In contrast, Winsberg and Cummings (1999) reported that 86% of 14 'poor' responders (defined as less than a 50% reduction in ADHD symptoms on parent ratings) were homozygous for the 10-repeat allele, as compared to 31% of 16 'positive' responders in a sample of 30 stimulant naive African-American children with ADHD. Using a similar methodology but with a Brazilian sample, Roman et al (2001) reported that 47% of those with the 10/10 genotype demonstrated a 50% reduction in ADHD ratings, as compared to 75% of ADHD youth with the 9/10 and 9/9 genotypes included in the same group (Roman et al, 2001) . Indeed, there are numerous methodological differences between these early pharmacogenetic studies and the current study, which could account for different findings, including study design factors (prospective vs retrospective or naturalistic), duration of trial, treatment regimen and dose, and differences in sample characteristics (eg ethnicity, previous medication history, ADHD subtype). Most importantly, the previously published pharmacogenetic studies of DAT1 assumed a dominant effect of the 9-repeat allele. The present study is the first pharmacogenetic study of ADHD, DAT1 and MPH response MA Stein et al which analyzed the less common 9/9-repeat genotype group separately, without combining it with the more prevalent 9/ 10-repeat genotype group.
Another difference between ADHD pharmacogenetic studies is how the phenotype of stimulant response vs nonresponse was defined. Rather than relying on a single measure or arbitrary cutoff score, we examined dose-response curves for measures of ADHD symptoms, impairment, and stimulant side effects. (We also reported MPH response based upon CGI-S impairment ratings using two different cutoff scores for heuristic purposes.) An additional benefit of the dose-response paradigm is that response to multiple dosages are examined, providing several opportunities to respond rather than relying on a single dose or a clinically determined dose, which may vary significantly due to individual clinician dosing strategies.
The 9-repeat is the second most common allele after the 10-repeat, occurring in approximately 20-30% of US and European populations (Kang et al, 1999) . Additional support for a recessive effect of the 9-repeat allele on stimulant response is provided by the recent findings of Lott et al (2003) and Kirley (2004) . Lott et al (2003) reported that healthy college students homozygous for the 9-repeat allele differed from students with the other DAT1 genotypes containing the 10-repeat allele in their perception of AMP effects. Specifically, individuals with the 9/9 genotype showed significantly less endorsement of 'feels drug' in response to AMP. Kirley (2004) recently reported additional analysis of their study sample . Consistent with the present study, a 25% response rate to MPH was reported in individuals with no copies of the 10-repeat allele as compared to 65% children with one or two copies of the 10-repeat allele. Thus, when the 9/9 is not combined with the 9/10 genotype, there appears to be a clear difference in stimulant response. In addition, there are also studies reporting atypical stimulant response in individuals with the 9-repeat allele in other patient groups (see Gelernter et al, 1994; Ujike et al, 2003) .
The biological mechanism by which the 9/9 genotype might lead to an atypical response to CNS stimulants is presently unknown. The DAT1 3 0 -UTR VNTR may be functional, or may be in high linkage disequilibrium with a functional variant, and consequently predict stimulant response. Heinz et al (2000) reported that individuals with the 9-/10-repeat genotype had a 22% reduction of DAT protein availability in putamen compared to 10/10 homozygous individuals, and speculated that stimulant effects would be most pronounced in the 10/10 homozygous individuals for whom DAT protein appears to be more abundant. These findings were not replicated in two other studies (Jacobsen et al, 2000; Martinez et al, 2001) . Indeed, the contrast of 9/10 with 10/ 10 genotypes is not where our data suggest the most interesting question is, but rather between 9/9 vs 9/10 and 10/10 genotypes. Of most relevance, Mill et al (2002) demonstrated decreased DAT1 expression associated with the 9/9 genotype relative to genotypes containing the 10-repeat allele in human brain tissue and lymphocytes. As suggested by Kirley et al (2003) , these studies provide intriguing clues regarding the relationship between variability in the length or sequence of the 3 0 -UTR of the DAT1 gene and levels of DAT1 in the brain, which will hopefully lead to more basic studies than can attempt to identify specific mechanisms.
The statistical significance of the effect of the 9/9 genotype on MPH response is strong given the relatively modest sample size. However, replication attempts in larger samples are necessary for the results to be more conclusive, due to the relative scarcity of children with the 9/9 genotype. If replicated, further studies of individuals homozygous 9-repeat allele are indicated, with the goal of determining clinical predictors of nonresponse, specific adverse events, or perhaps neuropsychological or neurophysiologic endophenotypes (eg Loo et al, 2003) . An additional question is whether those with the 9/9 genotype respond to either an alternative stimulant (eg AMP or mixed AMP salts) or nonstimulant treatment (eg atomoxetine), which appears to work through a different mechanism than do stimulants. Determination of positive predictive value and negative predictive value will be important in determining the clinical utility of pretreatment genotyping in ADHD.
Pharmacogenetic study of a locus with replicated (but not consistent and fully confirmed) evidence for family-based association with the same disorder raises interesting issues. For example, if the 9/9 genotype is associated with nonresponse, tertiary clinic-based samples selected for family-based association of DAT1 with ADHD may lead to study of nonrepresentative samples and lead to bias of transmission against the 10-repeat allele. Conversely, if the 10/10 genotype is actually more common in ADHD, there may be fewer 9/9 genotypes present in representative samples of ADHD. Ascertainment is critical in all studies, and it is important to note that the current sample was not selected on the basis of genotype or past history of stimulant responsiveness.
Pharmacogenetic studies of ADHD are in a relatively early stage, but hold considerable promise for this disorder (Rohde et al, 2003) . Although it is true that the majority of individuals with ADHD initially respond positively to stimulants, long-term effectiveness is much more modest (Charach et al, 2004) . Being able to predict which individuals are likely to respond positively or which individuals do not tolerate stimulants would alter the trial and error approach to stimulant treatment of ADHD. Ultimately, it is hoped that further understanding of the genetic variability in ADHD treatment response may shed light on both genetic and nongenetic factors, which contribute to outcome. This may ultimately guide and improve future treatment decisions and assist in targeted development of alternative pharmacological strategies for nonresponders.
